An initial study has been made of the use of synthetic zeolites for mercury capture from exhaust gases. Synthetic zeolites (Na-X and Na-P1), and for comparison a natural zeolite (clinoptilolite) and activated carbon with bromine (AC/Br) were tested for mercury uptake from a gaseous stream. The materials were subjected to mercury adsorption tests and their thermal stability was evaluated. The untreated synthetic zeolites had negligible mercury uptake, but after impregnation with silver, the adsorption of mercury was markedly improved.
Introduction
Removal of mercury (Hg) from exhaust gases is becoming an increasingly important issue, especially in the context of a new United Nation's convention on reduction of mercury emissions and exposure on a global scale. Although mercury is released into the atmosphere from both natural and anthropogenic sources, fossil fuel burning (mainly coal combustion) is the second largest contributor [1] . During coal burning, mercury is released in its elemental form (Hg 0 ). However due to various thermo-chemical reactions occurring in the flue gas, some of it can be oxidised (Hg 2+ ) and/or be bonded to the particulate matter (Hg p ) [2] .
Oxidised (which is water soluble) and particle-bonded mercury can be captured by conventional air pollution control devices (APCD) such as fabric filters, cold and hot electrostatic precipitators (ESP), wet and dry flue gas desulphurization (FGD), and selective catalytic reduction (SCR). However, Hg 0 (insoluble in water) is very difficult to capture by such systems [3] . As proportions of the emitted elemental, oxidised and particulate-bonded mercury vary within different coal plants, the performance of APCD as regards total capture of the mercury emitted also varies. To remove 100 % of Hg, the available control technologies must be combined with sorbents, which are able to oxidize and capture elemental mercury [4] .
Many materials have been considered and studied for their potential to remove mercury from flue gases. These include activated carbons (impregnated with iodine, bromine and sulfur) and carbon -based materials such as fly ash, metals such as copper, lead, gold, silver)
and their oxides and sulfides, calcium species (lime) and zeolites [5] [6] [7] [8] [9] [10] [11] [12] . However most of these sorbents are less effective at higher temperature, have low capacities, cannot be regenerated and are easily deactivated by flue gas components such as sulfur oxides (SOx) [13] [14] , which means that the search for the ideal mercury sorbent is far from over [15] .
Synthetic zeolites derived from coal fly ash have been suggested to be potentially economically feasible and environmentally friendly mercury sorbents, and can be considered to be worthy of further investigation.
It has been reported that the production of coal fly ash (CFA) is approximately 750 million tonnes per year, from which, on average, only 25 % was utilised, the rest was disposed of as waste [16] . Although, the composition of CFA is complex and varies greatly [17] , its utilisation has received a great deal of attention. Currently, fly ash is predominantly used as: a substitute material (e.g. as clinker) in the construction industry; a geotechnical material (e.g. asphalt filler, pavement base course) and soil stabiliser [16] . However, more interesting is its future possible application, as an adsorbent for various pollutants (including radioactive elements and heavy metals). It has been demonstrated that, manufacture of synthetic zeolites from CFA is a relatively straightforward procedure [18] [19] [20] [21] [22] and such materials have been found to be effective in the removal of various pollutants from different environments (water, soils, flue gases) [15, [23] [24] [25] [26] [27] [28] [29] . A comparison with natural zeolites shows that synthetic zeolites are better for the removal of mercury compounds, due to the consistent size of the channels and chambers, in contrast to the microstructure of natural zeolites sizes which can be variable and often associated with a number of lattice defects [30] . Moreover, successful regeneration of these materials has been reported [15, 31] . Hence, the research into zeolitic materials and their potential for Hg removal can be justified with the aim of solving the problems of both utilisation of a waste material and removal of a toxic emission.
The main aim of the work described in this paper was to carry out a preliminary examination of the performance, suitability and potential of synthetic zeolites derived from fly ash to remove elemental mercury from flue gases. To improve their Hg adsorption efficiencies, the zeolitic materials were thermally activated and also loaded with silver (Ag), as evidence from previous work indicated that Ag may improve mercury removal rates [15] .
In addition, for comparison natural zeolite -clinoptilolite (thermally activated and Ag impregnated) and activated carbon loaded with bromine (AC/Br) were also tested for mercury uptake.
Experimental

Sorbent preparation
The synthetic zeolites have been synthesized in the hydrothermal reactions of fly ash, from hard coal combustion in Kozienice (Na-X) and Rybnik (Na-P1) Power Plants, Poland, with sodium hydroxide (NaOH). The two types of zeolite Na-X, Na-P1 were prepared using the following conditions:
 Na-X: 20 g of fly ash was mixed with 0.5 dm 3 of NaOH at a concentration of 3 mol*dm -3 for 24 hours at 75 °C;
 Na-P1: 20 g of fly ash was mixed with 0.5 dm 3 of NaOH at a concentration of 3 mol*dm -3 for 24 hours at 95 °C.
The preparation of the zeolites is on the quarter technical scale, and its repeatability has been confirmed in numerous experiments.
Prior to the Hg adsorption experiments, the samples were dried at 350 °C for 6 hours to remove moisture. In order to improve the zeolite's adsorption capacity towards Hg, the synthetic zeolites were loaded with Ag using the ion exchange method. In addition, Na-P1
was also activated by melting with AgNO3. For comparison, a natural zeolite a clinoptilolite, Sokyrnytsya deposit, Ukraine was examined under the same experimental conditions as the synthetic materials.
Morphology and textural characterisation
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The mineral composition of the synthetic zeolites was determined by means of powder X-ray diffraction (XRD) using a Philips X'pert APD diffractometer with the data being processed by Philips X'Pert and ClayLab ver. As investigated zeolites have different ion exchange capacities, their silver content was determined using inductively coupled plasma-mass spectrometry (ICP/MS) (Thermo-Fisher Scientific X-Series II). 6
Mercury adsorption tests
The mercury adsorption tests were performed in the rig shown in Figure 1 . The arrangement included: an elemental mercury generator in a water bath, a packed-bed Teflon tube reactor, containing 0.1 g of the sorbent, atomic fluorescence spectrometer (AFS) mercury detector (Millennium Merlin, PSA) and a data acquisition system. Mercury vapour was generated at 30 °C (± 0.5 °C) and introduced at a known and constant concentration (e.g.
0.00288 mg per 80 ml/min flow of N2) into an accurately controlled stream of carrier gas (initially -nitrogen). This gas mixture was passed through a Teflon tube (0.47 cm id) packed with a known mass (0.1 g) of the sorbent to be evaluated. The gas leaving the tube was diluted further with nitrogen before being presented to the atomic fluorescence detector. The detector output was logged over time in order to find the point at which breakthrough of mercury occurs. Some tests were extended to allow the determination of the equilibrium mercury content of the sorbents.
Thermal stability of the sorbents
The thermal stability of the materials was investigated using a TGA Q500 (TA Instruments) instrument and approximately 20 mg of sorbent material. Analyses of spent materials provided evaluation of the quantity of Hg released, by monitoring the weight loss in the specified temperature range under a stream of inert gas. Samples were heated from ambient temperature to 110 °C, and then maintained for 20 minutes at this temperature to remove moisture. Following this pre-treatment, the temperature was raised from 110 to 800 °C at a ramp rate of 20 °C/min.
Chemical state of captured mercury 7
The chemical state of the mercury adsorbed on the zeolites was investigated by means of X-ray photoelectron spectroscopy (XPS). Samples were analysed using the Kratos AXIS ULTRA with a mono-chromated Al kα X-ray source (1486.6 eV) typically operated at 10 mA emission current and 12 kV anode potential. The detector was used in FAT (fixed analyser transmission) mode, with pass energy of 80 eV for wide scans and pass energy 20 eV for high resolution scans. In this study all of the spectra were calibrated to the binding energy of C 1s photoelectrons at 284.6 eV. Analyses were performed under high vacuum (c.a. 10 -10 Torr).
Results and discussion
Mineralogical characteristic
The zeolite materials, Na-X (a faujasite group), Na-P1 (a gismondite group) and clinoptilolite (a heulandite group) differ in internal structure, size of channels and chambers and chemical compositions. Mineralogical studies were carried out for zeolites thermally activated (i.e. dried at 350 ºC) and silver impregnated. The amount of pure zeolites (quantitative content from XRD analysis) varied from Na-X -63 %, Na-P1 -81 % to clinoptilolite -95 %.
SEM-EDS studies showed that in general the zeolites had different morphological forms: Na-X -being roughly of octahedral shape, Na-P1 -needlelike and clinoptilolitefinely fibrous and plates-like. Ag was not visible as separate particles on zeolites surface, but for the Na-P1 sample loaded with Ag by melting the fine aggregates (from 0.3 to 1.0 μm) of Ag were observed on the surface of grains and the pores. All the adsorption isotherms showed a characteristic hysteresis loop which is associated with capillary condensation taking place in mesopores. However, the shape of the hysteresis loops are represented by III/IV type of isotherms according to the IUPAC classification indicating the presence of "bottle shape" pores.
Textural characteristic
The silver content of the tested materials varied from 6.9 for clinoptiloite to 37.4 w/w% for Na-P1/Melt/Ag (see Table 2 ). Na-P1/Melt/Ag has the highest silver content, but, interestingly, Na-X/Ag had less than Na-P1/Ag despite having higher ion exchange capacity (Na-X -1.8 meq/g, Na-P1 -0.72 meq/g). The quoted values are the average of 2 runs, but it should be noted that a very high dilution factor (100, 000) had to be applied during the analyses with a consequent influence on the accuracy attained in the silver determination.
Mercury adsorption tests
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The data from the mercury adsorption tests are presented in Table 3 . All tests were repeated 2 -3 times and the presented breakthrough mercury uptakes at the breakthrough (5 and 10 %) are average values.
Initially, tests were carried out with 80 ml/min flow of N2. However due to the high adsorption capacity of Na-X/Ag the pseudo equilibrium could not be reached even after 10 days under these conditions (see Figure 2) , and consequently the flow was doubled to 160 ml/min of N2 for this sample.
The zeolitic materials (thermally treated at 350 °C), were unable to remove more than 10 wt % of mercury, and their capacities at the breakthrough could not be correctly calculated. For the untreated zeolites tests were terminated after 1 hour, due to the low uptake efficiency.
As Table 3 shows the addition of Ag to the tested samples dramatically improved the performance of the zeolites to mercury capture, with Na-X/Ag achieving the greatest Hg uptakes corresponding to the highest BET surface area and the highest combined micro and meso pore volumes (see Table 1 ). This data implies that both micro and meso pores are important for mercury capture, and multilayer adsorption is an important parameter, but only to a certain point, as seen from Na-P1/Ag with greater combined meso and macro pore volume and Ag loading but lower mercury uptake. In a comparison with the activated carbon loaded with bromine, the silver loaded Na-X zeolite achieved an approximately four times greater Hg uptake (for 10 % breakthrough).
Although, Na-P1 loaded with silver via melting technique achieved slightly better mercury breakthrough rates than Na-P1 impregnated via ion exchange, it was not able to withstand the higher flow rate (160 ml/min) of flue gas, hence the melting procedure is considered a less effective method of impregnation for this sorbent. As expected from the literature review [25] clinoptilolite Hg uptake was negligible, especially in comparison to the fly ash derived materials.
As expected from the previous work [33] [34] [35] the initial X-ray photoelectron spectroscopy (XPS) analyses indicated that mercury formed an amalgam in the silver loaded zeolites. In contrast, no Hg was identified in untreated zeolites, which is most likely due to the fact that all mercury adsorbed on untreated zeolites was in its elemental form, and when the high vacuum was applied during XPS analyses, mercury was desorbed from the samples. Such process was also described by Samaz et al. [36] who investigated mercury adsorption onto brominated activated carbons.
Examples of breakthrough curves of for the best performing zeolithic material (Na-X/Ag) and AC/Br are presented in Figure 2 . For these materials initial kinetic studies were carried out.
By plotting the mercury uptake versus time for Na-X/Ag and AC/Br it can be seen that the uptake for both adsorbents is initially linear with time ( Figure 3 ). However the treated activated carbon is only linear up to approximately 3000 minutes adsorption time, which corresponds to its 10 wt % breakthrough. The linear uptakes indicate that initially the reaction for both sorbents has zero order kinetics and can be described by the following equation.
Where Q is that quantity adsorbed, k the rate constant and t time, respectively. Here, the rate of reaction is independent of concentration, but proportional to time. Hg is said to be in excess of the adsorbent, and increasing the concentration will have zero effect on the rate of reaction.
Rate constants of both materials are shown in Table 4 .
The data suggests that initially Na-X/Ag has identical rate constants (K1) with AC/Br and therefore has similar rate of adsorption towards mercury. However, the AC/Br adsorbent shows a reduced reaction rate beyond 3000 minutes indicating slower kinetics with 10 % breakthrough. Na-X/Ag continues to adsorb Hg linearly up to 15000 minutes with no change in rate of adsorption.
Thermal Gravimetric Analysis
As showed in Figure 4 all tested materials exhibited an initial weight change at 100 -110 °C, which is contributed to loss of free bonded moisture. That was followed by the gradual weight loss of 1 -2 wt % up to c.a. 260 °C for all the samples, which suggests that the most of the adsorbed Hg was retained as non-volatile compound. As successful regeneration of silver impregnated zeolites was reported at around 400 °C [31] , it was expected that the majority of the adsorbed mercury will be released at this temperature. However, data from the TGA analyses showed that the weight loss of all materials between 260 and 800 °C do not correspond to the mercury uptake during the adsorption tests (uptake at the 10 %
breakthrough, for the materials tested in 80 ml/min flow rate -as seen in Table 3 ). For example, by comparing fresh and spent Na-X/Ag thermographs it can be seen that after initial weight loss at around 110 -spent material lost only 4.8 wt % of its mass at 400 °C, while the fresh Na-X/Ag lost around 1.8 wt % suggesting that only c.a. 3 % of weight loss was contributed to the mercury release (c.a. 38 wt % mercury was adsorbed onto this material).
While the fresh Na-P1/Ag at the same temperature range (110 -400 °C) lost 2.7 wt % while spent material lost -5 wt % suggesting that c.a. 2 % weight loss was contributed to the mercury desorption (c.a. 4.9 wt % of mercury was adsorbed). These findings indicate that it is possible that different gas than nitrogen is needed to regenerate silver impregnated zeolite, what seems to be supported by the other work -Dong et al. [37] reported regeneration in argon, while Weekman et al. -in methane [38] . Future work will aim to fully investigate zeolites regeneration potential along with the impact of gasification and combustion flue gas components on the sorbents mercury adsorption and its thermal stability. of Na-X/Ag in both gasification and combustion atmospheres, and investigations of their regeneration potential, which will allow assessing its suitability to be applied in real industrial conditions. Table 2 Silver contents in zeolites (results from ICP/MS) 
Conclusion
